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ABSTRACT
Short-lived intermittent phases of super-critical (super-Eddington) growth, coupled with star forma-
tion via positive feedback, may account for early growth of massive black holes (MBH) and coevolution
with their host spheroids. We estimate the possible growth rates and duty cycles of these episodes,
both assuming slim accretion disk solutions, and adopting the results of recent numerical simula-
tions. The angular momentum of gas joining the accretion disk determines the length of the accretion
episodes, and the final mass a MBH can reach. The latter can be related to the gas velocity dispersion,
and in galaxies with low-angular momentum gas the MBH can get to a higher mass. When the host
galaxy is able to sustain inflow rates at 1–100 M⊙/yr, replenishing and circulation lead to a sequence
of short (∼ 104− 107 years), heavily obscured accretion episodes that increase the growth rates, with
respect to an Eddington-limited case, by several orders of magnitude. Our model predicts that the
ratio of MBH accretion rate to star formation rate is 10−2 or higher, leading, at early epochs, to a
ratio of MBH to stellar mass higher than the “canonical” value of ∼ 10−3, in agreement with current
observations. Our model makes specific predictions that long-lived super-critical accretion occurs only
in galaxies with copious low-angular momentum gas, and in this case the MBH is more massive at
fixed velocity dispersion.
Subject headings: accretion, accretion disks — galaxies: high-redshift — quasars: supermassive black
holes
1. INTRODUCTION
The presence of even a few billion solar mass MBHs
at high redshift (e.g., De Rosa et al. 2013, and refer-
ences therein) challenges conventional Eddington-limited
growth models for MBHs. Assuming Eddington-limited
accretion, a MBH with initial mass M0 grows with time
t as M = M0 exp {[(1− η)/ǫ] (t/tEdd)}, where tEdd =
σT c/(4πGmp) = 0.45Gyr, η is the fraction of rest mass
energy released by accretion, and ǫ 6 η the radiative effi-
ciency, on account of not all of the available energy being
necessarily radiated (also jets, winds, see, e.g., McKinney
et al. 2013 and references therein). In standard radia-
tively efficient accretion disks η = ǫ and is related to the
spin of the black hole with ǫ ranging from 0.057 to 0.32
for spin parameters ranging from 0 to 0.998.
Given the age of the Universe at z = 6 − 7 and the
estimated MBH masses, > 109M⊙, constant Eddington-
limited accretion is implied if 103 < M0 < 10
5M⊙ and a
duty cycle ∼ 50% for M0 > 10
6M⊙ (e.g., Johnson et al.
2012, and references therein). From a mathematical
point of view, one could imagine resolving the problem by
picking the lowest radiative efficiency, ǫ = 0.057. From
the astrophysical point of view, however, the real issue
consists in guaranteeing that the host galaxy can con-
tinuously provide gas, through mergers (Tanaka 2014)
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or secular processes, at rates comparable to the Edding-
ton limit for the MBH, despite negative feedback effects
(Dubois et al. 2013), and ensure that the MBH is always
able to accept this gas.
In current cosmological simulations of MBH growth,
the accretion rate is usually estimated through the
Bondi-Hoyle formalism (Bondi & Hoyle 1944), capped at
the Eddington luminosity, assuming a given radiative ef-
ficiency, normally ǫ = 0.1. However, at the highest red-
shifts the Bondi-Hoyle accretion rate is often much larger
than the limit imposed by the Eddington luminosity. For
illustrative purposes, we show in Fig. 1 the distribution
of the ratio between Bondi-Hoyle accretion rate and the
accretion rate given by the Eddington luminosity in the
Horizon-AGN simulation (Dubois et al. 2014). At z > 6,
∼10% of MBHs in well-resolved halos experience rates
much higher than the Eddington limit; here only halos
resolved with more than a thousand particles, i.e., with
> 3 × 1010 M⊙, are included; MBH masses are 10
5 M⊙
and above; Dubois et al. private communication. All
details about the simulation and the numerical imple-
mentation can be found in Dubois et al. 2014).
We stress that the ceiling at the Eddington limit is
a general approach used in all cosmological simulations
of MBH growth, both in simulations with a resolution
of ∼ 1 kpc (where the Bondi radius is not resolved)
and ∼ 5 pc (where the Bondi radius can be resolved),
and adopting different codes (smoothed particle hydro-
dynamics, adaptive mesh refinement, moving mesh, e.g.,
Li et al. 2007; Hirschmann et al. 2014; Feng et al. 2014;
Dubois et al. 2013; Costa et al. 2014). When the accre-
tion rate surpasses the ceiling, mass growth is arbitrarily
and artificially capped at the rate obtained by imposing
the Eddington luminosity with a fixed ǫ.
While we should not necessarily take face value the
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Figure 1. Distribution of the ratio between Bondi-Hoyle accre-
tion rate and the accretion rate given by the Eddington luminos-
ity rescaled by the radiative efficiency in the cosmological simula-
tion Horizon-AGN. The fraction of MBHs potentially accreting at
super-Eddington rates is ∼10% at 6 < z < 8, and it drops to 1%
at z = 3.
accretion rates from cosmological simulations, the in-
flow rate of gas may at times be much larger than the
MBH Eddington rate, since for a relatively small MBH,
e.g., ∼ 105 M⊙ the Eddigton rate corresponds to a small
physical accretion rate of ∼ 0.002 M⊙ yr
−1 for ǫ = 0.1,
and we explore, analytically, the consequences for MBH
growth (see also Begelman 2012b), including the conse-
quences of negative or positive feedback originating from
the MBH activity (see also Park & Ricotti 2012). The
former indicates cases where the MBH either suppresses
the gas content, thus slowing down or halting the accre-
tion process, or stifles star formation in its surroundings.
The latter marks the possibility that a MBH may trig-
ger star formation. We develop arguments in favor of
short-lived intermittent phases of super-critical growth,
coupled with star formation via positive feedback, in or-
der to account for early growth of MBHs and coevolution
with their host spheroids.
The line of argument of the paper is as follows. We en-
visage that when preferentially low angular momentum
gas is accreted by MBHs, the infalling gas will form a very
compact accretion disk as rotational support is minimal.
Under these conditions initially the disk is under extreme
photon trapping conditions, where radiative efficiency
and outflows are suppressed. At later times photon trap-
ping becomes less severe, and outflows decrease the net
accretion rate, lengthening or stopping the MBH growth
timescale. We show that under such conditions boosts of
more than ∼ two orders of magnitude to the growth of
MBHs with respect to the Eddington-limited case can be
achieved. We estimate for how long the Bondi rate can
sustain the MBH growth under the envisaged trapping
conditions, and we propose that a natural link between
the MBH mass and the galaxy gas velocity dispersion is
established: in galaxies with much low-angular momen-
tum gas near the center the MBH can get to a higher
mass at fixed gas velocity dispersion. Finally, we suggest
that jets from rapidly accreting MBHs may account for
circulation that replenishes the gas reservoir, and may
also explain the high ratio between MBH accretion rate
and star formation rate observed in high-redshift quasars.
In this paper we use the following notation: L =
ǫM˙BHc
2 ≡ fEdd LEdd; tEdd ≡ M c
2/LEdd = 0.45 Gyr;
M˙Edd ≡ LEdd/c
2 =M/tEdd (note the absence of ǫ in this
definition); m˙ = M˙BH/M˙Edd, where m˙ is a dimensionless
ratio of accretion rates, i.e. a normalized accretion rate
rather than an accretion rate itself.
2. SUPERCRITICAL SLIM DISKS
In general, if material flows through the inner edge of
the disk at a rate M˙BH, a fraction ǫ is radiated away. It
then follows that6:
M˙BH =
1− ǫ
ǫ
fEdd
M
tEdd
= (1− ǫ)m˙
M
tEdd
, (1)
and fEdd = ǫ m˙. In our terminology, super-critical or
super-Eddington accretion rates are defined in terms of
the normalized accretion rate, m˙, rather than luminosity
(in principle, given a sufficiently low efficiency a super-
critical MBH may be emitting at sub-Eddington lumi-
nosity).
When matter is accreted at intermediate rates (0.01 .
m˙ . 1) cooling is expected to be efficient and
the material forms a geometrically thin and optically
thick accretion disk, with the typical solution given
by Shakura & Sunyaev (1973). At very low accre-
tion rates (m˙ . 0.01) cooling becomes inefficient and
the forming disk is bloated and radiatively inefficient
(e.g., Narayan & Yi 1995; Abramowicz & Lasota 1995;
Blandford & Begelman 1999). A MBH accreting super-
critically (m˙ ≫ 1) is expected to develop a slim accre-
tion disk (Abramowicz et al. 1988, but see Coughlin &
Begelman 2014 for alternatives) with relatively cold tem-
perature and a thick geometric structure. Slim disks are
believed to be radiatively inefficient, being only mildly
above the Eddington limit for luminosity, for instance:
L
LEdd
∼ 2
[
1 + ln
(
m˙
50
)]
, (2)
for m˙ > 50, and L/LEdd = m˙/25 otherwise. We
adopted here the expression in Mineshige et al. (2000),
but the logarithmic dependence is a common feature in
super-critical disk models, e.g. Paczynski (1982) and
Wang & Netzer (2003), and the exact value does not
have a strong influence on the arguments presented in
this paper. From fEdd = ǫ m˙ it follows that the “effec-
tive” radiative efficiency is:
ǫ =
1
25
(
m˙
50
)−1 [
1 + ln
(
m˙
50
)]
, (3)
and ǫ = 1/25 for m˙ < 50. Therefore, while the ac-
cretion rate can be highly super-critical, the emergent
6 In principle (1− ǫ)/ǫ should be (1− η)/ǫ. This does not make
much difference in the case discussed here since both 1− η ∼ O(1)
and 1− ǫ ∼ O(1).
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luminosity is only mildly super-Eddington, because of
the logarithmic dependence and low radiative efficiency.
Numerical simulations have demonstrated such reduced
radiative efficiency at very high inflow rates (m˙ & 102,
Ohsuga et al. 2005; Ohsuga 2007; Ohsuga & Mineshige
2011; McKinney et al. 2013; Sa¸dowski et al. 2014).
If we assume inflow rates M˙inflow of 1 M⊙/yr or 100
M⊙/yr and an initial MBH mass of 10
5M⊙, and self-
consistently evolve Eq. 1 and 3, i.e., we calculate how m˙,
M and ǫ change with time at fixed M˙inflow, we find that
the growth time would be ∼ 107 yr or ∼ 10−2 of the age
of the Universe at z = 6.
The slim disk, however, is a particular solution to the
problem of super-critical accretion. Direct simulations
may find other solutions, with, for instance, relatively
high radiative efficiencies (Jiang et al. 2014), and large
outflows that decrease the effective accretion rate on the
MBH (Sa¸dowski et al. 2014). In the following we assess
the consequences of adopting the radiative efficiencies
and outflow rates derived in recent simulations.
If there is a significant outflow, and if this outflow car-
ries away most of the inflowing mass then the growth
timescale will be longer. We introduce a parameter, flost,
characterizing the mass loss: M˙ = M˙inflow/(1+flost). For
instance, Sa¸dowski et al. (2014) say in their section 5.4.1
“as a specific example [for a black hole with spin=0.9],
the inflow accretion rate at 30 Rg (where Rg = 2 × Rs)
is ∼ 300 m˙. Out of this only ∼ 100 m˙ reaches 10 Rg,
and the remaining ∼ 200 m˙ goes into an outflow. There
is negligible outflow inside 10 Rg, so the normalized ac-
cretion rate on the MBH is ∼ 100 m˙.” In this case the
inflow on the MBH would be reduced by a factor of three.
Notably, they find no mass loss for the case of a black
hole with spin=0. McKinney et al. (2013) find flost ∼ 1
for a black hole with spin=0.9375. Jiang et al. (2014)
find instead that in their simulation of a non-spinning
black hole the mass lost in the outflow is 30% of the net
accretion rate, and ǫ = 0.045. The radiative efficiency
given by Eq. 3 is 0.004 at m˙ = 50 or 0.002 at m˙ = 200,
therefore not much different from the 0.0045 derived by
Jiang et al. for m˙ = 220.
In Fig. 2 we calculate the MBH mass growth at fixed
M˙inflow for the flost and ǫ found in Sa¸dowski et al.
(2014; flost ∼ 2 and ǫ = 0.001) and Jiang et al. (2014;
flost ∼ 0.3 and ǫ = 0.045). McKinney et al. (2013) find
flost ∼ 1 and ǫ = 0.01, placing their results in between
the two cases shown in Fig. 2. Even taking into account
the mass lost in outflows, and the relatively large radia-
tive efficiency found by Jiang et al. (2014), this process is
much more effective at growing MBHs than Eddington-
limited growth.
3. RADIATION TRAPPING
A necessary condition for slim disk accretion is radi-
ation trapping. Trapping of radiation occurs when the
photon diffusion time, i.e., the time for photons to es-
cape the disk, exceeds the timescale for accretion. When
photons are trapped, they end-up being advected inward
with the gas, rather than diffuse out of the disk surface.
Plausibly, as long as radiation is trapped in the disk,
the emergent luminosity does not exceed much the Ed-
dington limit and the radiative efficiency stays low. The
radius at which radiation is trapped can be defined as
the locus where the infall speed of the gas equals the
diffusion speed of the radiation (Begelman 1979). For
m˙ > 1:
Rtr = m˙Rs = 2× 10
−6 m˙M7 pc, (4)
where Rs is the Schwarzschild radius of the MBH (this
expression may be corrected by a factor H/R, of or-
der unity for disks puffed up by the trapped radiation,
Ohsuga et al. 2002).
However, as discussed in §2, instead of being ad-
vected, a significant fraction of the accretion power
in supercritical flows may end up driving a disk wind
(Shakura & Sunyaev 1973; Blandford & Begelman 1999;
Ohsuga et al. 2005; Begelman 2012a). Numerical sim-
ulations (Ohsuga 2007; Sa¸dowski et al. 2014) and semi-
analytical models (Poutanen et al. 2007; Takeuchi et al.
2009; Begelman 2012a) show that the mass lost to the
disk wind is negligible in the inner region and becomes
important only as photon trapping becomes less severe
(e.g. beyond ∼ 10 − 100Rs for m˙ ∼ 100 − 1000 in
the references given above). Jiang et al. (2014) find that
an outflow starts in the inner regions in their disk, be-
cause of vertical advection driven by magnetic buoyancy,
but the outflow appears to be major only in the regions
R & 0.1Rtr. In these regions of the disk photon trap-
ping is important but not extreme i.e. the optical depth
becomes less than ∼10.
Hence, we can reasonably conjecture that a significant
disk wind is initiated only after the disk radius has grown
to reach some significant fraction of the trapping radius.
This has two effects. First, mass lost to the outflow re-
duces the accretion rate onto the black hole and slows
its growth. The simulations indicate the MBH accre-
tion rate never entirely vanishes but can drop to 10-20%
of the inflow rate (e.g. Ohsuga 2007). Second, the im-
portance of the energy and momentum injected in the
environment by the disk wind presumably grows with
the disk radius, since models and simulations indicate
that the wind outflow rate increases as M˙wind ∝ R
s
(s . 1). The combination of decreasing accretion rate
and increased (negative) feedback may eventually quench
the black hole growth once the trapping radius is reached
(see also Volonteri & Rees 2005).
We can take a general approach by considering the
effects of radiation trapping. We can estimate a lower
limit to the time-scale for a single accretion episode by
requiring that the whole disk’s radiation stays trapped
i.e. that the outer radius of the accretion disk RD 6 Rtr.
The accretion disk size is defined in the first place by
the centrifugal barrier that determines where infalling
material becomes supported by rotation. Let us as-
sume that material is captured near the capture radius
of the MBH, Rg = GM/σ
2 = 4.5M7 σ
−2
100 pc, where
σ100 ≡ σ/100 km s
−1 is the gas velocity dispersion. The
material, having angular momentum, does not fall di-
rectly into the hole, and it forms an accretion disk. By
conserving specific angular momentum one finds that
the outer radius of the accretion disk scales with Rg,
RD = λ
2Rg, where λ 6 1 indicates the fraction of angu-
lar momentum that is retained (it can also signify that
only material with angular momentum 1/λ times smaller
than average is captured).
The condition for all radiation to be trapped, RD 6
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Figure 2. MBH mass as a function of time assuming fixed inflow rates from the galaxy M˙inflow of 1, 10 or 100 M⊙/yr (as marked on
the figure) and an initial MBH mass of 102 or 105M⊙ for the radiative efficiencies, ǫ, and fraction of mass lost, flost, in an outflow found
in recent simulations (Sa¸dowski et al. 2014; Jiang et al. 2014, see also McKinney et al. 2014). The MBH growth may be boosted by 2–4
orders of magnitude with respect to the Eddington-limited case (green dotted curve).
Rtr, translates into:
λ2
2
( c
σ
)2 M
tEdd
1
M˙BH
6 1. (5)
We can now simplify this expression by approximating
M = M˙BHtacc. Rearranging the inequality:
tacc/tEdd 6 2λ
−2 (σ/c)
2
∼ 2× 10−5λ−20.1σ
2
100, (6)
For λ = 0.1 and σ = 100 km s−1, tacc ∼ 9000 yr. With
M˙inflow ∼ 100M⊙/yr, at the end of the episode MBH ∼
106M⊙, and RD = Rtr 6 0.01 pc, a value roughly com-
patible with the half-light radii of accretion disks ob-
tained from microlensing, ∼ 1016 cm (Blackburne et al.
2011; Edelson et al. 2015). Hence, with the conservative
choice λ = 0.1 (accretion disk sizes favor λ ∼ 0.01−0.02)
a MBH would grow > 106M⊙ in < 10
4 yr. A smaller
λ would imply a more compact accretion disk, i.e., a
smaller RD, and super-critical accretion would proceed
for longer, growing the MBH to larger masses.
The normalized inflow rates, m˙, that we consider are
very high: m˙ only decreases down to ∼ 104λ20.1σ
−2
200 at
the end when RD = Rtrap. The initial conditions, with
m˙ ≫ 1 (Eq. 8) and RD ≪ Rtr, are unlikely to allow
for a significant disk wind due to the extreme nature
of photon trapping in the flow. As discussed above,
however, even when outflows develop, they may not be
able to halt accretion. The duration of a super-critical
episode could therefore be longer than we conservatively
assumed here. Under some conditions the accretion disk
may be truncated by self-gravity, when the external re-
gion of the disk becomes self-gravitating and subject to
fragmentation. For geometrically thin accretion disks
(Shakura & Sunyaev 1973) the radius beyond which the
disk becomes self-gravitating, Rsg, can be easily calcu-
lated (e.g., Goodman & Tan 2004), and for slim disks
Kawaguchi et al. (2004) suggest to model them as stan-
dard disks outside the trapping radius in order to esti-
mate Rsg. With this approach, they find that Rtr > Rsg
forM7 . 8.8×10
6(m˙/50)−2.5(α/0.01), where α is the vis-
cosity parameter. Under the conditions we envisage (i.e.,
the initial growth of low-mass MBHs with very large m˙),
the self-gravity radius is typically larger than the radius
defined by the angular momentum barrier, as shown in
Fig. 3. In this figure we draw the “nominal” self-gravity
radius for Rtr ∼ Rsg to guide the eye, but we warn the
reader that the calculation by Kawaguchi et al. (2004) is
valid only when Rtr > Rsg.
In the scenario we propose, the disk size is initially
much smaller than the trapping radius, therefore photon
trapping is extreme and we expect most of the inflowing
mass being accreted. As the disk grows, photon trap-
ping decreases, and the outflow gains importance until
at some point most of the inflowing mass is expelled in-
stead of accreted, stopping the growth process. In Fig. 3
we model the growth of a 105M⊙ MBH in a galaxy with
σ = 150 km s−1, with a gas inflow rate of 100 M⊙/yr
(∼ 12% of the free-fall rate), and low angular momen-
tum (λ = 0.01). In this case the MBH could grow
to ∼ 107M⊙, in ∼ 10
6 years, with a relative boost of
a factor ∼ 102 with respect to the Eddington limited
growth in the conservative case that accretion is ter-
minated when trapping becomes moderate. The MBH
would grow by one additional order of magnitude in the
less conservative case that accretion is terminated by self-
gravity.
4. INFLOW RATE
One natural question is whether Bondi accretion can
provide the huge inflow rate required to sustain the su-
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Figure 3. Disk radius set by centrifugal support (RD , green dotted curve), self-gravity radius (Rsg , blue dot-long-dashed curve) and
trapping radius (Rtr, red long-dashed curve) as a function of time (bottom) and MBH mass (top). Growth of a 105M⊙ MBH in a galaxy
with σ = 150 kms−1, with a gas inflow rate of 100 M⊙/yr. Radiative efficiencies and fraction of mass lost in an outflow as found in recent
simulations (Sa¸dowski et al. 2014; Jiang et al. 2014, see also McKinney et al. 2014) are marked on the figure. The MBH would grow to
∼ 107M⊙ in ∼ 106 years, with a relative increase of a factor ∼ 102 with respect to the Eddington limit.
percritical growth of black holes. The Bondi rate, nor-
malized to M˙Edd, is:
m˙Bondi ∼
GMcσTρ
mpσ3
(7)
where ρ is the average density of material around the
MBH, and σ is the gas velocity dispersion. To estimate
the density, we make here the simplifying assumption
of an isothermal spherical distribution. Since we con-
sider that only low-angular momentum gas (λ ≪ 1)
feeds the MBH, the assumption of spherical distribu-
tion in the nucleus is plausible. Assuming an isother-
mal sphere the density at the capture radius becomes
ρ = σ
2
2piGr2 =
σ6
2piG3M2 , so
m˙Bondi =
σ3cσT
2πmpG2M
, (8)
and the trapping condition (cf. Eq. 5) requires:
m˙Bondi > m˙ = (1/2) (λc/σ)
2 . (9)
For λ ∼ 0.01−0.02 (based on the size of accretion disks
measured through microlensing) and σ ∼ 50−200 km s−1
(appropriate for high-z galaxies), the m˙ given by Eq. 9 is
∼ 100− 104, corresponding to ∼ 0.01− 2M⊙ yr
−1 for a
105M⊙ MBH. The free fall rate (σ
3/G) in galaxies with
σ ∼ 50 − 200 km s−1 would be ∼ 30 − 2 × 103M⊙ yr
−1,
therefore the accretion rates necessary for triggering
super-critical accretion are a small fraction of the free-fall
rate.
Equation 9 can be re-written as:
M 6
σ5σT
πλ2cmpG2
∼ 1.5× 108 σ5200λ
−2
0.1 M⊙. (10)
When the disk radius reaches and exceeds the trapping
radius, feedback from the disk in the form of radiation
and outflow is likely to become strong enough to blow
away the surrounding gas and stop the supercritical ac-
cretion phase (see § 3). The maximum size reached by
the disk depends only on σ since the disk radius is then
equal to the trapping radius, Rtr ∼ 0.16 σ
3
200 pc (combin-
ing Eq. 4 and Eq. 8). At this time a MBH, in a given
galaxy with velocity dispersion σ, has reached a final
mass that is modulated by the gas angular momentum,
parameterized by λ: the lower λ, the longer accretion
can continue, the higher the final MBH mass. Moreover
two mechanisms have been suggested that produce con-
siderable angular momentum transfer during the gas-rich
collapse phase of the galaxies that we consider, when the
MBH underwent much of its growth, the gas was subject
to non-axially symmetric gravitational instabilities. This
led to repeated episodes of angular momentum transfer
(bar-in-bar, Shlosman et al. 1989; Begelman et al. 2006).
Gravitational instabilities also generated massive clump
formation, as observed in star-forming galaxies, and dy-
namical friction acting on these clumps led to greatly
accelerated radial migration of large amounts of gas
(Gabor & Bournaud 2013).
This argument allows us to link the MBH mass to
the velocity dispersion, and obtain a comparison be-
tween the MBH growth and its host properties. Lo-
cally, the relation between MBH mass and velocity dis-
persion is normalized at 2× 108M⊙ at 200 km s
−1 (e.g.,
McConnell & Ma 2013), which is close to the relationship
derived above (Eq. 10). Galaxies with large amounts of
low angular momentum gas (λ≪ 1) will be able to grow
MBHs that would appear “overmassive” at fixed veloc-
ity dispersion with respect to the z = 0 relation. The
6 Volonteri, Silk & Dubus
MBH masses detected in high-z quasars are in fact typi-
cally above the z = 0 relation. We note that the velocity
dispersion is estimated for these galaxies through cold
gas, rather than stars (Wang et al. 2010), and to derive
Eq. 10 we also adopt the gas velocity dispersion. There-
fore we conclude that if λ is small the MBH can get to a
higher mass at fixed gas velocity dispersion with respect
to the normalization one would extrapolate from local
galaxies (where the velocity dispersion is that of stars.
In § 6 we will discuss the relative growth of MBH and
stellar mass).
In summary, only MBHs hosted in galaxies with co-
pious amounts of low angular momentum gas are able
to feed MBHs at supercritical rates for sufficiently long
times, by forming small accretion disks where all radi-
ation is trapped for a sufficiently long time. The im-
portance of low-angular momentum gas is a specific pre-
diction of our model that can be tested with ALMA, at
least in principle, via dust continuum observations, on
sub-kpc scales.
5. CIRCULATION AND DUTY CYCLES
Jet-driven feedback or more generally any ultrafast
outflow from the Active Galactic Nucleus (AGN) drives
a bow shock into the inhomogeneous multiphase ac-
creting gas (Wagner et al. 2012, 2013). The resulting
shocks generate entropy gradients which in turn gen-
erate vorticity. A simple derivation of jet interaction
with gas clouds that drives circulation of ablated gas is
given in Antonuccio-Delogu & Silk (2010). These crude
estimates have been verified in 3-D numerical simula-
tions (Cielo et al. 2013). Observational evidence for jet-
driven back flow is presented in Laing & Bridle (2012);
Kolokythas et al. (2014). Feedback along the jet direc-
tion induces flows that are deflected by the hot spots.
The resulting circulation ends up driving accretion onto
the disk over the first 1-2 Myr of the cocoon expansion.
Suppose the typical scale, associated with density in-
homogeneities in the flow is Lω ∼ 0.01Ls, where Ls is
the size of the system. Turbulent diffusion to larger
scales results in circulation that feeds the MBH along
the minor axis of the thick disk. The diffusion coefficient
is ∼ Lωv/3. The time to regenerate the feeding of the
MBH is ∼ 3 (Ls/Lω) (Ls/v) . Plausible numbers suggest
a crossing time-scale ∼ Ls/v ∼ 10
2−3yr, and a regenera-
tion time treg ∼ 10
4−5yr.
We have argued that each accretion episode lasts ∼
103−5 yr, with the shortest accretion episodes associated
to λ = 1 (Eq. 6). Per accretion episode, the MBH grows
in mass by:
∆M = M˙BHtacc = m˙M˙Eddtacc ∼ 10
5M⊙M˙100tacc,3,
(11)
where the MBH accretion rate is in units of 100M⊙/yr
and time in units of 103 yr. Each accretion episode is
followed by a flow regeneration period of order treg ∼
104−5yr based on circulation and replenishment argu-
ments.
Since treg > tacc, the maximum number of super-
critical accretion episodes will be N = tEdd/treg ∼
104t−1reg,5 for treg in units of 10
5 yr. If at each episode
the MBH grows in mass by ∆M ∼ 105M⊙, then the
total growth is N × ∆M ∼ 109M⊙, and the duty cy-
cle is δ = Ntacc/tEdd ∼ 0.01 tacc,3/treg,5. However,
this assumes each episode lasts tacc whereas subsequent
episodes may actually be much shorter. According to the
assumptions in the previous sections, the outer radius is
necessarily close to the trapping radius if accretion has
already been quenched once. Any resuming accretion
may be rapidly re-quenched once the disk reforms on a
dynamical timescale. As the MBH grows in mass, the
importance of multiple supercritical accretion episodes
therefore decreases.
6. MBH ACCRETION AND STAR FORMATION
MBHs accreting at super-critical rates are most likely
to be characterized by strongly collimated outflows or
jets, especially if the MBH is rotating (Sa¸dowski et al.
2014). Such collimated outflows would not cause nega-
tive feedback directly on the surrounding gas, which is
pierced through (Vernaleo & Reynolds 2006), with only
a very small fraction of the gas being directly affected
(∼ 1% according to the recent simulations by Cielo et al.
2013).
For gas-rich hosts, relevant at early epochs, the AGN
jet (or wind) driven by the MBH can instead trig-
ger positive feedback, and be strongly coupled to the
star formation rate, presumably because of bow shock
pressure-enhanced star formation (Gaibler et al. 2012;
Wagner et al. 2013). Evidence for this comes directly
from radio-selected samples (Zinn et al. 2013) and more
indirectly from the presence of massive, remarkably
young stellar populations in high redshift radio galaxies
(Rocca-Volmerange et al. 2013).
There are numerous examples of jet-induced posi-
tive feedback at low-z, where high radio resolution
has been useful, two recent examples being given by
Morganti et al. (2013) and Rashed et al. (2013). More-
over recent data (Matsuoka et al. 2013) suggests that the
most luminous phase of the AGN correlates with star
formation and most likely precedes any phase of negative
feedback, as motivated observationally by massive molec-
ular outflows (Sturm et al. 2011; Cicone et al. 2013).
Brief phases of super-critical gas accretion that feed
the MBH are also likely to feed intense bursts of star
formation due to the high gas inflow rates. Silk (2013)
develops a simple feedback model that relates the star
formation rate (SFR) to the MBH accretion rate. The
model couples the two rates by incorporating outflows by
jets or winds that induce pressure-enhanced star forma-
tion.
We modify the model of Silk (2013) for the case of
super-critical MBH accretion, and discuss the implica-
tions in the following. AGN triggering of star formation
arises via pressure exerted on clouds, as jets and/or winds
propagate into an inhomogeneous interstellar medium,
leading to enhanced star formation rates (Wagner et al.
2013). In this case, the Kennicutt–Schmidt law for star
formation rate becomes:
Σ˙AGN∗ =
ǫSN
σd
Σgas
√
πGpAGN
fg
, (12)
with the AGN-induced pressure, pAGN ∝ LE/(4πR
2c),
fg is the gas fraction and ǫSN the efficiency of super-
nova feedback, which modulates the normalization of the
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Kennicutt–Schmidt law as an explanation of galactic star
formation inefficiency. Averaging over the disk half-light
radius, and expressing the AGN-induced pressure as a
function of the MBH growth rate, the AGN triggered
star formation rate is related to the MBH accretion rate
by
M˙∗ = ǫζfpM˙BH , (13)
where ǫ is the radiative efficiency, ζ = mSNvc/2ESN
is the SNe boost factor, fp is the mechanical ad-
vantage factor of the wind or jet-driven bow shock
(Wagner et al. 2013). We define the supernova energy
ESN = 10
51E51ergs, the mass in stars formed per type
II supernova mSN = 150m150M⊙, and the velocity at
which SN-driven blast waves enter the cooling phase
v = 400v400km/s. Plausible estimates for the parame-
ters are ζ = 180m150v400/E51, fp ∼ 30. If indeed AGN
outflows initially enhance star formation, such an effect
must be localized in the nucleus. The star formation in
obscured X-ray selected AGN is indeed significantly more
concentrated than in galaxies with comparable high star
formation rates (Mushotzky et al. 2014).
For the radiatively-efficient Eddington-limited case ǫ ∼
0.2, and Silk (2013) infers that, statistically7, M˙BH ∼
10−3M˙∗. Over time, therefore, this leads to a ratio of
MBH mass to stellar mass ∼ 10−3, similar to that ob-
served at low z (Kormendy & Ho 2013, and references
therein). If supercritical growth is radiatively inefficient,
then ǫ ≪ 1, and therefore, for AGN-triggered star for-
mation M˙BH ≫ 10
−3M˙∗. MBHs that grew at least in
part through radiatively inefficient supercritical accre-
tion would therefore grow at a faster rate than the stel-
lar mass of their host galaxies. Our model therefore nat-
urally accommodates the suggestion that high redshift
MBHs account for a higher fraction of the stellar mass
of the host. For instance, Targett et al. (2012) suggest
that the ratio of MBH mass to stellar mass is higher by
an order of magnitude at z>∼4 than at z = 0.
7. OBSERVABILITY
Recent simulations (Ohsuga & Mineshige 2011;
Sa¸dowski et al. 2014; McKinney et al. 2013) suggest
that MBHs accreting at super-critical rates are most
likely to be characterized by strongly collimated out-
flows or jets. Volonteri et al. (2011) and Ghisellini et al.
(2013) already suggested that the number density of
jetted quasars approaches and possibly prevails over
that of radio–quiet quasars at z > 4, based on the
cosmic evolution indicated by the Swift all sky survey
(Ajello et al. 2009). Their analysis takes into account
that detection of sources with their jets pointing at us
would be suppressed by a factor corresponding to the
square of the jet opening angle: the number of sources
observed pointing at us is only a fraction ∼ Ω2 of the
the sources pointing in all directions. For example, for
a funnel opening angle Ω ∼ 0.1 rad (Sa¸dowski et al.
2014) only one in 100 sources would be detected at
7 That statistically the ratio M˙BH/M˙∗ may be approximately
constant over a wide range in z was recognized in an early study
by Silverman et al. (2008). An alternative way to tease out the
statistical value of the ratio M˙BH/M˙∗ is to stack many galaxies,
as in a recent analysis of SFR-selected and X-ray stacked galaxies
at z ∼ 0.5− 2 (Mullaney et al. 2012; Chen et al. 2013).
high energies through their jets directed at us. These
jetted sources appear to be at best under–represented
in the combined SDSS+FIRST survey (see Volonteri
et al. 2011). Indeed, as suggested by Ghisellini et al.
(2013), detection of misaligned jets through radio lobes
is hindered, as at these high redshift radio emission may
be suppressed by interaction with the cosmic microwave
background. The population of super-critical sources
we predict may, therefore, explain the high-redshift
population of jetted sources hinted to by the Swift all
sky survey (Ajello et al. 2009). Sbarrato et al. (2014)
and Ghisellini et al. (2014) indeed confirm the existence
of an early peak (z > 4) of activity in jetted AGN,
in contrast to the main formation epoch of massive
radioquiet quasars (z ∼ 2.5).
Another important point regarding the detection of
these sources is obscuration. The gas density is very
high and so accretion is obscured, regardless of any as-
sumption on the accretion disk structure and properties.
A simple estimate on the column density can be ob-
tained by assuming the gas free-fall rate at the Bondi
radius8. With M˙inflow ∼ σ
3/G and a free-fall timescale
tff = (GM/R
3
B)
−1/3 the column density can be written
as:
NH ∼ fff
σ4
mpGM
∼ fff10
25cm−2σ4100M
−1
7 , (14)
where fff is fraction of the free-fall rate characterizing
the gas inflow.
The density of the gas accumulated within the Bondi
radius would be ∼ fff10
5M⊙pc
−3σ6100M
−2
7 , thereby
masking most of the MBH growth to levels beyond
Compton-thick (see Yue et al. 2013, for a detailed model
of observational signatures and spectral energy distribu-
tion of growing MBHs in high-z galaxies surrounded by
dense gas envelopes). Recent X-ray data indeed sug-
gests that there may be a significant population of heav-
ily obscured (Compton-thick) quasars (Stern et al. 2014;
Lansbury et al. 2014). Gallerani et al. (2014) also sug-
gest a novel technique to infer the presence of obscured
AGN in high-z galaxies: high excitation CO transitions
in the millimeter band, e.g. the CO(17–16) line, de-
tectable by ALMA at z = 7 and beyond. Such high
excitation lines require the presence of high–energy pho-
tons (> 1 keV, Schleicher et al. 2010) and would trace
MBHs whose detection would otherwise be hindered by
obscuration. Such millimeter diagnostics may help reveal
the population of super-critical sources we predict.
Given the inverse dependence on the MBH mass, there
is a mass above which the opacity through the sphere <
1 and the MBH accretion is “unveiled”. If we couple
Eq. 14 and Eq. 10 to highlight the dependence on MBH
mass only, we obtain:
NH & 10
24 fffM
−1/5
7
(
λ
0.01
)8/5
cm−2. (15)
We can take two high-redshift quasars as an exam-
8 Very similar estimates are obtained by estimating the density
of the gas accumulated in the inner pc by assuming an inflow rate,
say 100 M⊙/yr and a lifetime, ∼ 104 yr, or by taking an isothermal
distribution as in section 3 and integrating from the capture radius
onwards, as the integral is dominated by the mass distribution near
Rg (cf. Fabian 1999).
8 Volonteri, Silk & Dubus
ple to test the general validity of Eq. 15: ULASJ1120
and SDSSJ1148. For these quasars we can find in the
literature estimates of their luminosity (hence, the ac-
cretion rate M˙BH) and gas velocity dispersion σ neces-
sary to calculate the fraction of the free-fall rate, fff in
Eq. 15, as well as the MBH mass (Wang et al. 2010;
Venemans et al. 2012). For ULASJ1120 the bolomet-
ric luminosity is ∼ 2 × 1047 erg/s, the MBH mass
∼ 2 × 109M⊙, and the velocity dispersion ∼ 100 km/s.
For J1148 the bolometric luminosity is ∼ 7 × 1047
erg/s, the MBH mass ∼ 6 × 109M⊙, and the veloc-
ity dispersion ∼ 160 km/s. By assuming a radiative
efficiency of order 0.04-0.1, one obtains in both cases
fff = M˙BHG/σ
3 ∼ 0.15−0.35, andNH ∼ few×10
22cm−2,
compatible with current limits for ULASJ1120 (NH <
1023cm−2, Moretti et al. 2014). A smaller MBH in a
galaxy with a similar inflow rate, therefore with a higher
Eddington ratio, would instead be heavily obscured dur-
ing its growth, but when the MBHs reach a sufficiently
high mass, they would be bright at all wavelengths.
8. DISCUSSION AND CONCLUSIONS
The possibility of widespread super-critical ac-
cretion has often been advocated to describe ei-
ther local (e.g., Collin et al. 2002; Wang & Netzer
2003; Kawaguchi et al. 2004) or high-redshift sources
(Volonteri & Rees 2005; Wyithe & Loeb 2012; Li 2012;
Madau et al. 2014; Alexander & Natarajan 2014), or
through recent revisions of Soltan’s argument (Novak
2013).
We develop an analytical model to estimate the growth
of super-critically accreting MBHs in high-redshift galax-
ies. We summarize our results below.
• We estimate that the duty cycle of MBH growth
can be as low as ∼ 0.01, rather than the ∼ unity
value required if accretion proceeds sub-critically.
• The trapping of radiation in the disk, coupled with
the angular momentum of the gas that ends in
the accretion disk, provide a natural “clock” for
the properties of the accretion episode and the fi-
nal mass of the MBH. The lower the gas angular
momentum, the longer accretion can continue, the
higher the final MBH mass.
• Linking the inflow rate to the Bondi rate, we are
able to obtain a relation between the MBH mass
and the velocity dispersion of the gas in the host
galaxy at the end of the super-critical episode. In
galaxies with low-angular momentum gas the MBH
can get to a higher mass at fixed gas velocity disper-
sion, with respect to the normalization one would
extrapolate from local galaxies.
• We relate the MBH growth to the star formation
rate in the galaxy. The model couples the two
rates through outflows by jets or winds that induce
pressure-enhanced star formation. Our model pre-
dicts that the ratio of MBH accretion rate to star
formation rate is 10−2 or higher, naturally lead-
ing to a ratio of MBH to stellar mass higher than
the “canonical” value of ∼ 10−3, in agreement with
current observations at early epochs.
Finally, we note that in the case of super-critical accre-
tion, the radiative efficiency is not determined by MBH
spin, thus the expected spin-up caused by prolonged ac-
cretion phases would not hinder MBH growth through a
high radiative efficiency.
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